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A THz laser generation utilizing a helical relativistic electron beam propagating through a strong 
magnetic field is discussed. The initial amplification rate in this scheme is much stronger than that 
in the conventional free electron laser. A magnetic field of the order of Tesla can yield a radiation 
in the range of 0.5 to 3 THz, corresponding to the total energy of mj and the duration of tens of 
pico-second, or the temporal power of the order of GW. 

PACS numbers: 42.88, 41.85.L, 52.25.Xz 



A THz electromagnetic (E&M) wave has a range of 
practical applications [H-Q]- In particular, the light wave 
of the frequency of 1 to 10 THz is under increased at- 
tention 0|. Around the frequency range of 100 GHz, 
there exist appropriate technologies such as gyrotron 0- 
0]. However, these technologies cannot be extended to 
the range above a few hundred GHz, due to the well- 
known scaling problem Other technologies such as 
the quantum cascade laser ll|, [12] and the free electron 
laser 13] have their own limitations in generating an in- 
tense E&M wave. There have been preliminary proposals 
for generating a THz radiation b ased on the recent ad- 
vances in the intense visible laser 
of the inertial confinement fusion 




in the context 



In this paper, we propose a scheme to generate a THz 
radiation, where the energy is extracted from the perpen- 
dicular kinetic energy of an relativistic electron beam, in 
the presence of a strong magnetic field. In this scheme, 
a relativistic electron beam gets launched to a slightly 
skewed direction with respect to the magnetic field. The 
electrons gyrate around the magnetic field and the per- 
pendicular velocity of the electron exhibits a periodic 
structure (Fig[T]). When a certain resonance condition 
is satisfied, a specific E&M THz wave becomes ampli- 
fied. In particular, the rate at which the electron energy 
is extracted is proportional to the electric field strength, 
as opposed to the energy intensity as in the conventional 
free electron laser (EEL). This difference leads to a much 
more explosive amplification compared to the conven- 
tional EEL. The goal of this paper is to estimate the 
amplification efficiency. 

We start by describing the motion of the helical elec- 
trons and the EEL amplification, and then describe a new 
scheme enabling an explosive amplification. A relativis- 
tic electron moving in the presence of the magnetic field 
is described by 



FIG. 1: The helical velocity structure of the relativistic 
electron beam propagating with a constant velocity along a 
slightly skewed direction to the z-axis. This schematic dia- 
gram is not drawn to scale. 



^q '^ = 1 — (tig^ + Vp)/c'^ is the relativistic factor, vqz {vp 
is the parallel (perpendicular) velocity relative to the z- 
axis, and the magnetic field is given as B = Bqz. The 



solution is ui'^'' {t) = vq 



(t) = Vp cos{uJcet + 0o), and 
~WpSin(wcet + 4>a), where uJce = eBo/jorrieC. 
Consider a linearly-polarized E&M wave propagating 
along the z-direction so that Ex{z, t) = Ei cos{kz — ckt), 
Ey = Ez = 0, By{z,t) — EiCOs{kz — ckt), and — 
Bz — Q. The perturbed motion of the electron is 
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where Ei = Ei cos(fcz — ckt)x, and Bi = Ei cos(fcz — 
ckt)y is the magnetic field of the E&M wave. Consider 



the first case when 
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where rue is the electron mass, v is the electron velocity. 



the terms of v!h^^ 



and 
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in the linearized first order 
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equation, compared to ui'''' = vqz, can be ignored. The 
linearized equation is given as 
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where -Ei = Ei cos(fcz — cfci) and v^\t) = Vp cos{ujcet + 
4>o)j vi^^ = vqz — const. The solution in the perpen- 
dicular direction can be obtained by using the complex 
coordinate Vp{t) = wi^"* + ivy^^ such that Vp(t) is the so- 
lution of the following equation: 
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Then, the electron energy loss rate by the E&M wave per 
unit volume is 
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where () is the ensemble average over the phase ipo, and 
eiJiWox is, from Eq. (P), given as 

eEiVQx = — — ^ cosffcz — ckt + ujcpt + (f)o). (4) 
c 

Consider the second case wqz ^ vox and vqz ^ voy , where 
the computation is more complicated, in the absence of a 
closed-form solution. Retaining only the resonance term, 
the energy loss rate becomes 
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The resonance condition for the FEL amplification is 
vozk — ck + uice = 0, or /c = uJce/{c — vqz). With the 
resonance condition being satisfied, the ensemble average 
of the energy loss or gain cancels out in the first order of 
El if the distribution over the phase angle (f)o is uniform. 
The ensemble average in the second order of Ei provides 
the conventional FEL amplification. 

Now, let us dicuss the difference between the conven- 
tional electron beam and the helical beam. We note that 
there exists circumstances where the ensemble average 
{eEiv^x'^) does not cancel out in the first order of Ei. 



Consider the time slice at i = 0, where the helical struc- 
ture of the electron velocity is given as in Fig. [1] 

vox{t^Q,z) = VpCOs{khz) 



VOy{t = 0,z) 



-VpSiii{khz) 



VOz{t = 0, z) = Vqz, 

where k^ = ujce/v^z is the helix wave vector. This helical 
structure, formed by the electron gun, has zero phase 
velocity in the laboratory frame or is a static wave. An 
electron initially [t — 0) located at z = zq evolves as 

VQx{t) = VpCOs{khZo+ UJcet) 



~VpSm{khZQ +ujcet) 



vaz{t) = vqz- 

Since Ei(z,t) = Ei cos(fcz — ckt), the ensemble average 
over the electrons, {EV) — e{Ez{vox + ivoy)), is given as 



{EV) — / EiVp cos {k{vazt + zo) — ckt + ujcet ~ khZa) dzo 



EiVp cos {{kvQz — ck + LUce)t + {kh + k)zo) dzQ. 



The phase angle (/)o{z) is given as (j)o{z) = (kh + k)z. 
While the ensemble average () over the entire beam does 
cancel out, it does not locally for a fixed value of z. 
The electrons of the same phase, located in the range 
zq — (5z < z < zq + 5z where 5 = 7r/2(fc -|- kn), contribute 
coherently to (EV) so that the local E&M wave is ampli- 
fied or damped by the these coherently phased electrons. 
The E&M wave that itnitially gets amplified by the co- 
herent electrons gets damped by diff'erent but coherently 
phased electrons as it propagates. The frequency at 
which the E&M wave experiences the change between 
the amplification and the damping is estimated to be 
n l/St, where 5t{c — vq) — Sz. Since (c — voz)k = uJce, 
dt can be estimate as 1/wce so that fl = ujce- This lo- 
cal amplification is in contrast with the electrons with 
random phases for fixed z = Zq. 

The above argument suggests that there exists a lo- 
cal amplification mechanism for the helical plasma, that 
could be used as a THz generation. Denoting the rel- 
ativistic factors 7m = (1 — ^^L/"^^)"^^^ ^'^d 7 = (1 — 
w^/c^)~^/^, the frequency of the amplified wave can be 
drived from the resonance condition fc(c — wqz) = ^ce 
as 27^jWce- Consider the case 7m = 7, 7 = 10 and 
Bo = 1 T, which correspond to 27^Wce = 300 GHz. 
Consider another when 7m = 30, 7 = 40 and i?o = 1 T, 
272„LJ,e = 1.4 THz. 

Let us estimate the E&M wave growth rate for the am- 
plification. For simplicity, let us use the reference frame 
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where we move with the electron beam with the same 
velocity in the z-direction. Assume that 7^ > 1, wozm ^ 
Woa:m and Wozm < "^0^™- If "oa; {voy) IS the perpendic- 
ular velocity in the laboratory frame, Voxm = Im^ox 
{voym — JmVoy) is the perpendicular velocity in the mov- 
ing frame. If the electron density in the laboratory frame 
is Ue, then it is Uem = ne/^m in the moving frame. The 
electron energy loss rate in the moving frame given in 
Eq. (O is 



de 
dt 



(6) 



where a is a constant of order of 1. By considering the 
local E&M wave and the local amplification, we obtain 
from de/dt = {l/8Tr){dEf/dt) that 



dE 



(7) 



where f2 = eBo/rrieC is in the moving frame. Eq. ([7]) 
shows that the initial growth rate, {dEi/dt)/Ei, is in- 
finite. During the time duration of 1/57, Ei grows to 



Ei{T) 



iSVQxm/^^ and the ratio of the E&M en- 



ergy intensity to the particle kinetic energy becomes 
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-pern = i'n-rieme'^/me and (cos(fit)^) = 1/2 is 
used. Eq. ^ suggests that the THz E&M wave gets 
amplified to the energy intensity comparable to the per- 
pendicular electron kinetic energy intensity times the 
ratio ojpe^/ri^ during the time duration of Q, which 
is the maximum energy that could be extracted. In 
the moving frame, the perpendicular kinetic energy of 
an electron is NnieVQ^^ = Nj^rUeVQ^. The max- 
imum total energy radiating into the THz wave is 
Emax = Nj^meVQ^{ujpf,j^/n'^) SO that the maximum 
THz energy in the laboratory frame is 7m^'max = 
7V7^me?^0a;('^pem/^^)j whcrc N is the total number of 
electrons in the beam. In order to extract the appre- 
ciable fraction of the electron kinetic energy, the ratio 
Wpem/f7 needs to be maximized. As shown in the non- 
neutral plasma beam analysis, it is theoretically possible 

to get Wpem/f7 = 1- 

Let us give a few examples of the practically relevant 
beam parameters. Consider a 10 pico-second electron 
beam with 7 = 35, rig = 10^"^ cm~^ and the total num- 
ber of electrons being 10^°, and assume that the mag- 
netic field is order of 1 T. If the beam gets launched with 
Vp/voz = 0.03, the parallel relativistic factor is 7^ — 25. 
The resonant frequency for the THz radiation is roughly 1 
THz. In the moving frame, the electron density becomes 
roughly 4 x 10^^ cm~'^, and ujpcm/^ — 0.1; the beam du- 
ration is 250 pico-second. The total energy of the electron 
is 7 X 10^^ eV, and at the maximum, a few percents of 
the total electron kinetic energy can be radiated into the 



THz E&M wave. As another example, consider a 10 pico- 
second electron beam with 7 = 14. Assume that the elec- 
tron density is 10^^ cm^'^, the total number of electrons 
is 10^", and the beam of Vp/vzo = 0.06 gets launched 
(7m — 11)- Assuming the magnetic field is order of 1 
T, the resonant frequency is roughly 0.5 THz. In the 
moving frame, the electron density is roughly 10^'^ cm~'^, 
<^pcm/57 = 0.1, and the beam duration is 100 pico-second. 
The total energy of the electron is 10^^ eV, and as much 
as tens of percents of the total electron kinetic energy 
can be radiated into the THz E&M wave. 

To summarize, a scheme of THz generation is dis- 
cussed, where the spatial helical structure of the rela- 
tivistic electron beam is used for the amplification, via a 
physical mechanism similar to that of the PEL. In con- 
trast to the FEL with the magnets, the energy extraction 
rate from the electrons is not proportional to the inten- 
sity, rather it is proportional to the electric field of the 
E&M wave. This property makes this scheme advanta- 
geous, as the THZ field can be explosively amplified up 
to certain amplitude. The overall efficiency is another 
advantage. A THz radiation with the total energy of a 
few tens of percents of the total electron beam energy can 
be as high as gyrotron or magnetron; the only difference 
is the operating regime, the THz range. 
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